The decomposition of carrion is carried out by a suite of macro-and micro-organisms 16 who interact with each other in a variety of ecological contexts. The ultimate result of carrion 17 decomposition is the recycling of carbon and nutrients from the carrion back into the ecosystem. 18 Exploring these ecological interactions among animals and microbes is a critical aspect of 19 understanding the nutrient cycling of an ecosystem. Here we investigate the potential impacts 20 that vertebrate scavenging may have on the microbial community of carrion. In this study, we 21 placed seven juvenile domestic cow carcasses in the Grassy Mountain region of Utah, USA and 22 collected tissue samples at periodic intervals. Using high-depth environmental sequencing of the 23 16S rRNA gene and camera trap data, we documented the microbial community shifts associated 24 with decomposition and with vertebrate scavenger visitation. The remarkable scarcity of animals 25 at our study site enabled us to examine natural carrion decomposition in the near absence of 26 animal scavengers. Our results indicate that the microbial communities of carcasses that 27 experienced large amounts of scavenging activity were not significantly different than those 28 carcasses that observed very little scavenging activity. Rather, the microbial community shifts 29 reflected changes in the stage of decomposition similar to other studies documenting the 30 successional changes of carrion microbial communities. Our study suggests that microbial 31 community succession on carrion follows consistent patterns that are largely unaffected by 32 scavenging. 33 34 35 Carrion, or dead animal tissue, provides a nutrient-rich resource for a wide array of 36 organisms. At the smallest scale, both geographically and in organisms affected, carrion 37 contributes nutrients to soils via nutrient leaching, thereby affecting microbial communities in 38 soil near the carcass (Howard, Duos, and Watson-Horzelski 2010; Parkinson et al. 2009; 39 Parmenter and MacMahon 2009). The impacts of carrion can be seen more directly as a food 40 source to the many necrophagous arthropods and vertebrate scavengers (Jordan et al. 2015). 41 Moreover, larger-scale impacts of carrion have been well documented. For example, the massive 42 die-off of salmon and cicada lead to large increases in resources and nutrient availability that 43 affect a myriad of organisms including microbes, plants, fungi, and vertebrates (Hocking and 44 methods by which carrion can be produced and consumed gives it the potential to impact many 46 facets of an ecosystem, but the pathway by which it decomposes and enters the ecosystem's 47 nutrient cycle depends on the environmental conditions and the interactions that form between 48 the organisms that compete over its resources. 49 The decomposition of carrion occurs continuously (Schoenly and Reid 1987), but it 50 typically has a consistent progression that is categorized into five stages of decay based on 51 physical composition of the carcass: fresh, bloat, active decay, advanced decay, and putrid dry 52 remains (Payne 1965). A body enters the fresh stage at death when a depletion of internal oxygen 53 triggers autolysis of the cells. Concurrently, endogenous microbes then begin to metabolize the 54 body and produce volatile compounds. The carcass transitions to the bloat stage as the activity of 55 these microbes fill the body cavity with gases, causing the carcass to distend. Active decay 56 follows the bloat stage when the body cavity ruptures, releasing the gases and allowing 57 invertebrates to consume soft tissue within the body cavity. After the removal of most of the soft 58 tissue and decrease in invertebrate activity, the carcass transitions into the advanced decay stage. 59
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sequences were filtered and merged with USEARCH 8 (Edgar 2010) , and additional quality 147 filtering was conducted with the mothur software platform (Schloss et al. 2009 )) to remove any 148 sequences with ambiguous bases and more than 8 homopolymers. Chimeras were removed with 149 mothur's implementation of UCHIME (Edgar et al. 2011) . The sequences were pre-clustered 150 with the mothur command pre.cluster (diffs =1), which reduced the number of unique sequences 151 from 1,136,609 to 784,953. This pre-clustering step removes rare sequences most likely created 152 by sequencing errors (Schloss and Westcott 2011). 153 Bacterial diversity analyses 154 The unique, pre-clustered sequences were considered to be the operational taxonomic 155 units (OTUs) for this study and formed the basis of all alpha and beta diversity analyses, as in 156 our previous study (Dangerfield, Nadkarni, and Brazelton 2017) . Sequence reads were not 157 rarefied for alpha diversity and evenness calculations because there was no correlation between 158 diversity indices and sequencing depth for this study. Taxonomic classification of all sequences 159 was performed with mothur using the SILVA reference alignment (SSURefv123) and taxonomy 160 outline (Pruesse, Peplies, and Glöckner 2012). Taxonomic counts generated by mothur and 161 edgeR were visualized using the R package phyloseq 1.20.0 (McMurdie and Holmes 2013).
162
Statistical analyses 163 Alpha diversity and evenness were calculated with the Shannon, invsimpson, and 164 simpsoneven calculators provided in the mothur package (Schloss et al. 2009 ). Differences 165 between alpha diversities and evenness were tested for significance using the Dunnett-Tukey- 166 Kramer test, which accounts for multiple comparisons among samples with unequal sizes and 167 variances (Lau 2013). Beta diversity was measured using the Morista-Horn biodiversity index, as implemented in mothur. This index was chosen because it reflects differences in the abundances 169 of shared OTUs without being skewed by unequal numbers of sequences among samples.
170
Differences between community compositions were tested for significance using AMOVA 171 (analysis of molecular variance) as implemented in mothur (Pruesse et al. 2012 Holmes (2014). The differential abundance of an OTU (as measured in units of log2 fold change 181 by edgeR) was considered to be statistically significant if it passed a false discovery rate 182 threshold of 0.05. Taxa were determined characteristic to that specific stage if they were found 183 differentially abundant in one stage compared to all other stages and soil. These taxa are referred 184 to as "characteristic taxa" for the purposes of this paper. To investigate potential environmental 185 contamination of carcass samples, OTUs with at least 20 sequence counts among all samples 186 were assigned to either fresh carcass or soil using the sink-source Bayesian approach of 187 SourceTracker2 v2.0.1 (Knights et al. 2011 ) with rarefying to 66,001 sequences for sinks and 188 16,828 sequences for sources. Similar results were obtained without rarefying sequence counts.
189
The one carcass sample that was determined to be contaminated by soil via SourceTracker2 was 190 excluded from alpha and beta diversity analyses. 
Impact of scavenging on bacterial communities 213
To identify the impact that scavenging had on bacterial community composition, we 214 compared Morisita-Horn dissimilarities between high and low scavenging sites directly after the 215 peak of scavenging. Sites 4 and 7 were considered to be the "high scavenging" sites as they 216 experienced 88% of the total scavenging duration observed during the study (Table 2) . other. The patterns visualized in the NMDS ordination were tested with an AMOVA that 246 confirmed significant differences between the Day 1, Day 4, and later sampling periods (Table   247 1). These three clusters of bacterial community composition (Day 1, Day 4, and Days 12-18-26) 248 correspond to the three stages of decomposition identified by physical interpretation of the 249 carcasses (Day 1 = "fresh", Day 4 = "bloat", and Days 12-18-16 = "active decay").
250
Proteobacteria was the most common phylum in the fresh stage, accounting for 48% of 251 microbial community composition, decreasing to 11% for both the bloat and active decay stages 252 ( Figure 4 ). Conversely, Firmicutes abundance increased as decomposition progressed. Firmicutes 253 increased from 31% in the fresh stage to 72% and 84% of the microbial community in bloat and 254 active decay, respectively. Moraxellaceae represented 30% of the total abundance of the fresh 255 stage (Fig 4) , whereas Moraxellaceae only accounted for 2% and 0.8% of the total abundance in 256 bloat stage and active decay, respectively. By contrast, Clostridia was dominant in the bloat stage, accounting for 70% of the total abundance, and accounting for only 3% of total abundance 258 in the fresh stage (Supplementary Krona files).
260
Taxa characteristic to each stage of decomposition 261 The taxonomic classifications (at order and family level) of all OTUs identified as 262 characteristic to each stage of decomposition (as defined by differential abundance analysis 263 described in Methods) are shown in Figure 4 . Each bar in Fig. 4 represents the total community 264 composition of each stage, in which "Ubiquitous taxa" represents taxa that are equally abundant 265 across two or more groups and the remaining taxa in each bar represent OTUs that are 266 characteristic to that stage. There were 323 OTUs that were characteristic to the fresh stage, and 267 these taxa accounted for ~62% of the total abundance in that stage. These fresh stage taxa are 268 dominated by Moraxellaceae, Flavobacteriaceae, Pseudoalteromonadaceae, Planococcaceae,
269
Staphylococcaceae, and an unclassified Bacillales family. The bloat stage contained fewer 270 characteristic taxa (106 OTUs) than the fresh stage, and these taxa accounted for ~56% of the 271 total abundance in that stage. The characteristic bloat taxa mainly consisted of Clostridia OTUs.
272
In particular, five Clostridia OTUs accounted for ~49% of the bloat stage's total abundance. The 300 Surprisingly, our results indicate no perceptible impact of scavenging activity on the 301 bacterial community composition of carrion. While we did detect 39 OTUs that were more 302 abundant in sites with high scavenging rates, these OTUs were typically present in only a single 303 sample; none of them were consistently present in both high-scavenging sites. Overall, the 304 bacterial communities of carcasses that experienced vigorous vertebrate scavenging (e.g. 15 305 individuals and 3.2 hours of activity) were highly similar to the bacterial communities of 306 carcasses at the same stage of decomposition but with almost no vertebrate scavenging (e.g. 1 307 individual and 1 minute of activity). Additionally, we did not detect any bacterial taxa that were 308 consistently more abundant after peaks in scavenging activity. Because scavenging was so rare at 309 these study sites, it would have been necessary to investigate many more carcasses in order to 310 detect a consistent shift in the bacterial community in response to scavenger activity.
311
Furthermore, the impact of scavenging may be rapid and transient, so future studies should 312 consider sampling at much more frequent time points.
313
Although we saw no evidence of bacterial taxa consistently associated with vertebrate 314 scavenging, we did find taxa that have been previously associated with turkey vultures 315 (Roggenbuck et al. 2014 ). However, the abundances of these taxa were not higher in sites that 316 experienced more scavenging by turkey vultures. Furthermore, Roggenbuck et al. (2014) 317 speculated that these taxa are most likely derived not from the turkey vultures, but from the 318 carrion they consume. Several genera of microbes that have been previously found to be associated with 324 scavenging macroinvertebrates were also present in our study (Dharne et al. 2008; Gupta et al. 325 2014 Gupta et al. 325 , 2011 Lee et al. 2014; Shukla et al. 2017; Tóth et al. 2008) . With the exception of 326 Providencia and Myriodes, most of these genera exhibited increased abundance when the 327 carcasses entered into active decay. This increase in macroinvertebrate-associated taxa is 328 consistent with the increases of macroinvertebrate activity that occur during the active decay 329 stage (Finley et al. 2015; Matuszewski et al. 2010; Payne 1965) . exhibited similar patterns in our study (Fig 4) .
342
Our results are also consistent with those of previous studies that have shown a rapid 
354
Most other studies observe more rapid progression through the stages of decomposition 355 (Pascual et al. 2017; Pechal et al. 2014 Pechal et al. , 2013 . It is possible that carcasses during the last 356 sampling period of our study were in "advanced decay", but there was no discernible change in 357 tissue composition of the carcasses compared to the previous two sampling periods. The delay in 358 decomposition is most likely the result of climatic factors. Previous studies investigating carrion 359 microbial communities were conducted in areas with much higher humidity, whereas this study 360 experienced arid conditions and high temperatures during a period with no precipitation. Active 361 decay has been shown to be limited or hindered by hot and dry climates similar to the conditions 362 present in this study, resulting in partial mummification (Galloway et al. 1989) . During this 363 process, carcasses develop a mummified shell over the skeleton as the skin desiccates while 364 macroinvertebrate activity continues underneath, in the body cavity. This partial mummification 365 may explain the prolonged intact composition of the carcass in the latter sampling periods (Fig 1) 366 associated with an increased abundance of macroinvertebrate-associated bacterial taxa (Fig 3) . In this study, we investigated microbial succession associated with decomposition of cow 370 carcasses that experienced notably little vertebrate scavenging activity. Our results demonstrate 371 that the few intense vertebrate scavenging events at some carcasses did not affect the bacterial 372 community of the carcass. Instead, the bacterial community composition of all carcasses 373 consistently reflected the stage of decomposition, regardless of vertebrate scavenging activity.
374
Our results are remarkably similar to those of other studies conducted in wetter, milder 375 conditions with greater vertebrate scavenging activity (Hyde et al. 2013; Pascual et al. 2017; 376 Pechal et al. 2013 376 Pechal et al. , 2014 , suggesting that bacterial community succession on carrion follows 377 consistent patterns that are largely unaffected by many external factors.
378
Although our study did not detect any consistent effects from vertebrate scavengers on 379 whole bacterial communities of carrion, it remains possible that vertebrates could be important 380 vectors of bacteria between carcasses. Such effects are likely to be taxa-specific and may only be 
